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Abstract During tunnel construction, groundwater inrush

from completely weathered granite strata is a significant

challenge to geotechnical engineers. Up to the present,

prevention of water inrushing hazards is almost exclusively

based on the experience of engineers. This paper presents a

coupled seepage–erosion water inrush model to investigate

the characteristics of seepage–erosion properties. The

proposed model is based on classical theories of solute

transport and fluid dynamics in porous media. In the model,

changes of porosity link permeability with the accumula-

tion of particle loss in the seepage–erosion process. The

coupled seepage–erosion model was applied to examine

the influence of curtain grouting thickness on the seepage–

erosion process. The results showed that the seepage–ero-

sion process was attenuated as thickness increased. The

results also showed that the porosity and permeability

visibly changed and the water inflow clearly exceeded the

acceptable engineering criterion when the thickness was

less than 6 m. However, with a further increase in thick-

ness, the seepage–erosion process was suppressed and little

changes of the relative parameters were showed. The

numerical results demonstrated that a curtain grouting

thickness of 6 m was suitable for curtain grouting in

completely weathered granite. Field investigation of Cenxi

tunnel verified the effectiveness of the thickness deter-

mined by the proposed model.

Keywords Curtain grouting thickness � Seepage–erosion �
Water inrush model � Completely weathered granite

Introduction

In recent years, more than 100 cases of water inrush and

mud gushing have been observed during tunnel construc-

tion across the globe (Zhao et al. 2013), causing serious

casualties and huge economic losses. Among them, a large

number of water inrush disasters occurred frequently in

completely weathered granite strata. Tunneling in such

conditions will be particularly difficult because of the

potential for encountering mix face conditions, collapse,

and erosion (Zhao et al. 2007; Zhang et al. 2014a; Shirlaw

2016). The complex ground conditions resulting from

weathering are challenging for tunnel construction. The

weathered rock mass retains relic structure from its geo-

logical past, which will often control its engineering

behavior (Shirlaw 2016). Under these condition, ground-

water inrushing may happened in various tunneling

method, e.g. mining tunneling, microtunneling (Ni and

Cheng 2012; Shen et al. 2014, 2016), and shield tunneling

(Wu et al. 2015a). Over the last 30 years, many researches

have been devoted to studying the description, classifica-

tion, weathering process, and engineering behavior of

weathered rocks. Anno (1995) and Arikan et al. (2007)

have developed a systematical description and classifica-

tion of weathered rocks. Irfan (1997) studied the miner-

alogical characterization and classification of weathered

granite. Six grades from fresh rock (Grade I) to residual

soil (Grade VI) were adopted to classify weathered

& Jinquan Liu

jinquanliu99@163.com

1 State Key Laboratory of Geomechanics and Geotechnical

Engineering, Institute of Rock and Soil Mechanics, Chinese

Academy of Sciences, Wuhan 430071, Hubei, China

2 University of Chinese Academy of Sciences, Beijing 100049,

China

3 Geotechnical and Structural Engineering Research Center,

Shandong University, Jinan 250061, Shandong, China

123

Bull Eng Geol Environ (2018) 77:515–531

https://doi.org/10.1007/s10064-017-1003-x

http://orcid.org/0000-0003-2326-0684
http://crossmark.crossref.org/dialog/?doi=10.1007/s10064-017-1003-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10064-017-1003-x&amp;domain=pdf
https://doi.org/10.1007/s10064-017-1003-x


granites. The main minerals include quartz, feldspar, bio-

tite, and hornblende. Weathering results in a loss of feld-

spar, leaving a material predominantly consisting of quartz

particles and clay minerals such as kaolinite and mont-

morillonite as the weathering grade increases to completely

weathered granite (Grade V). This material erodes rapidly

and becomes weak and soil-like. Howat (1985) and Gamon

(1986) carried on a discussion on ‘‘completely weathered

granite-soil or rock?’’, and the shear strength data indicated

that the completely weathered granite was more soil than

rock, as observed from recently field investigations (Cui

et al. 2016; Liu et al. 2016). Shirlaw et al. (2000) also

claimed that the completely weathered rocks were prone to

erosion when exposed because of little cementation. Under

certain conditions, the clay minerals resulting from

weathering may be gradually eroded by groundwater flow,

leading to the rapid increase of ground permeability and the

formation of water path, and ultimately the water inrush

disaster. Therefore, it is no exaggeration that water inrush

disasters have become a serious threat to tunnel construc-

tion in completely weathered granite due to their special

engineering behavior. Consequently, in order to control

water inrush disasters and improve safety in tunnel con-

struction, it is absolutely necessary to reveal the water

inrush mechanism and put forward effective prevention

measures for completely weathered granite.

Numerical modeling has the advantage of analyzing the

water inflow in various geological conditions, which has

been widely used by many researchers (Font-Capó et al.

2011; Zhu and Wei 2011). However, a suitable model for

the water inrush mechanism is difficult to develop because

of the complexity of geological conditions. Most previous

studies were focused on the water inrush from the per-

spective of rock mechanics. For example, considering the

rock damage properties, Valko and Economides (1994)

studied the rock fracture process under the action of

hydraulic fracturing. Wang and Park (2003) proposed a

flow–stress coupling water inrush model based on an

elastoplastic theory, in which the water inrush channel was

determined only by the permeability evolution caused by

rock deformation. Yang et al. (2007) developed a numer-

ical model that involved the coupled effects of flow, stress,

and damage. However, these are not appropriate for

weathered rock, especially for completely weathered rock

and residual soil due to the soil-like behavior. Completely

weathered granite has a large amount of fine particles, but

little cementation, which makes them prone to disintegra-

tion and water erosion. Therefore, it is essential to recon-

struct a suitable model for completely weathered granite

considering the erosion behavior of particles.

To control water inrush in completely weathered gran-

ite, grouting and jet grouting techniques are commonly

used methods (Littlejohn 2002a, b; Ni and Cheng

2011, 2014; Shen et al. 2013a, b). The grouting design

must be carried out with the consideration of the main

factors such as material used, grouting control, and grout

parameters. Selection of the grout material is the key to

control the groundwater inrushing, which relies on the

hydrogeological conditions. The materials are required to

satisfy the groutability for permeation grouting so that the

grout can be penetrated into the ground. In addition, the

special grouts such as polyurethane grouts should be con-

sidered in dynamic water grouting, especially for the water

inrush disasters (Li et al. 2016). The control of grouting

including grouting pressure and grouting spread, is vital to

the success of grouting operations. According to a UFC

report (2004), high pressure can result in the spread of

grout into areas beyond any possible usefulness or damages

to structures by displacing the rock. To enable the use of

high pressures in order to inject the desired volume of grout

while avoiding damages to the rock structure, Lombardi

and Deere (1993) proposed a grout intensity number (GIN)

method. The concept of this method was to limit the

combination of pressure and grouting volume to a specific

GIN in order to control the energy induced in the rock

fractures and to avoid uplift. However, due to uncertainties

in recognizing the distance of grout spread and the state of

the fractures, it still has many difficulties in employing this

method (Rafi and Stille 2015). The spread of grout was

governed by a lot of complex relations, and the under-

standing was more or less based on empirical knowledge

until 1990 (Houlsby 1990). Recently, a new active control

method for permeation grouting, called ‘‘real time grouting

control method’’, had been developed for governing the

grout spread during the grouting operation (Stille et al.

2009, 2012). This method had been applied in the tunnel

projects in Sweden successfully, indicating that the method

could be applicable to real grouting design and control.

Nevertheless, those methods were limited in the grouting

design for completely weathered granite because of the

groutability as demonstrated in the project of Xiang’an

subsea tunnel (Zhang et al. 2014a) and Hong Kong mass

transit railway (Bruce and Shirlaw 1985). The grouting

process in completely weathered granite is dominated by

fracture grouting rather than permeation grouting due to the

large amount of fine particles. However, curtain grouting

thickness, which is the key parameter for grouting design,

must be determined in both fracture grouting and perme-

ation grouting. During recent decades, many studies on the

selection of curtain grouting thickness have been con-

ducted with numerical and experimental methods and

engineering experience (Carter et al. 2003; Ritchie et al.

2003; Chai and Cui 2012; Zhang et al. 2015). However,

these studies all ignored the effects of particle loss, which

will lead to an unreasonable curtain grouting for com-

pletely weathered granite.
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The objective of this paper is to propose a seepage–

erosion coupling water inrush model for completely

weathered granite by taking into account the migration of

particles. This model, which made up for the deficiencies

of ignoring the disintegration and erosion features, could be

better used to predict the development of water inrush and

to simulate the overall response of a medium arising from

the erosion process. Then, the proposed water inrush model

was applied to numerically examine the influence of cur-

tain grouting thickness on the seepage–erosion process.

Moreover, the curtain grouting thickness obtained from the

proposed method was applied to Cenxi tunnel in China.

The study results showed that the numerical results based

on the proposed model agreed well with field tests. The

proposed model and the corresponding curtain grouting

technology could improve the understanding for water

inrush mechanism, ameliorate the design method for cur-

tain grouting, and provide a reference for similar engi-

neering scenarios.

Seepage–erosion water inrush model

Basic assumptions and definitions

Basic assumptions: (1) completely weathered granite is

considered a three-phase system consisting of solid grains

(sg), fluid (f), and fluidized solids (fs). The fluidized grains

are regarded as suspended particles that move with the

fluid. (2) The pore spaces are completely filled with fluid

and fluidized grains. (3) The velocity of fluidized grains is

always equal to the fluid velocity.

Basic definitions: (1) the volume fraction of the a phase

is na ¼ dVa=dV , where the a phase represents the solid

grain phase, fluid phase or fluidized grain phase; dVa is the

volume of the a phase; dV is the volume element of the

three-phase medium. (2) The partial density of the three

phases is defined as qa ¼ dma=dV , where dma is the mass

of the a phase. (3) The real density of the a phase is

qa
0 ¼ dma=dVa, for which the fluidized grain phase shares

the same real density with solid grain phase;

qsg
0 ¼ qfs

0 ¼ qs
0
, qs

0
is the real density of soil particles, and

qf
0
is the real density of the fluid. (4) The porosity u and

the concentrationa of the fluidized grains in the fluid are

defined as u ¼ dVV=dV ¼ nf þ nfs and

c ¼ dVfs=dVV ¼ nfs=ðnf þ nfsÞ, respectively, where dVV is

the pore volume.

Governing equations

The seepage–erosion water inrush model uses a set of mass

balance equations for constraining the interaction of the

three phases, a porosity evolution equation for describing

the erosion of fluidized grains, and a coupled Darcy–

Brinkman/Navier–Stokes equation for the fluid flow.

Mass balance equations

For a multi-phase flow system, the mass balance equation

can be expressed as follows (Bear 1972):

oqa

ot
þ divðqava0 Þ ¼ _ma; ð1Þ

where va
0
is the real velocity of thea phase, the term _ma on

the right-hand side of Eq. (1) represents the mass genera-

tion rate of the a phase, the first term on the left is the

partial density change rate of the a phase, and the second

term represents the net accumulation term of the a phase.

According to the Dupuit–Forchheimer law (Bear 1972),

the volume discharge qi of the fluid–particle mixture is

related to the velocity vi as follows:

vi ¼ qi=u ð2Þ

Therefore, the mass balance equations of the three

phases are as follows:

Solid grains phase:
ou
ot

¼ _m

qs
ð3Þ

Fluidized grains phase:
oðcuÞ
ot

þrðcqiÞ ¼
_m

qs
ð4Þ

Fluid phase:rqi ¼ 0; ð5Þ

where _m represents the rate of produced mass (here

removed due to erosion).

Equations (3)–(5) constitute a set of three mass balance

equations for the three considered phases of completely

weathered granite. There are four independent unknown vari-

ablesu, c, qi, and _m; thus, one additional equation is necessary

for solving this erosion problem. Therefore, a porosity evolu-

tion law is established in ‘‘Porosity evolution law’’.

Porosity evolution law

Extensive theoretical and experimental studies in relation

to the mass generation or erosion problem in porous media

were run in the late 1990s by many scholars (Vardoulakis

et al. 1996; Stavropoulou et al. 1998). These works, sum-

marized in the paper by Rahmati et al. (2013), resulted in

many constitutive equations that govern the erosion pro-

cess. These ideas are adopted to describe the process of

piping and sand production in the form of a porosity evo-

lution law for the rate of eroded mass as follows:

ou
ot

¼ _m=qs ¼ ð _mer � _mdepÞ=qs ¼ kð1� uÞðc� c2=ccrÞ qj j;

ð6Þ
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where k is the coefficient of the porosity evolution equa-

tion, |q| is the module of volume discharge q, _mer is the rate

of eroded mass, _mer ¼ qskð1� uÞc qj j, where _mdep is the

rate of deposited mass, and _mdep ¼ qskð1� uÞ qj jc2=ccr,
where ccr is a critical value of c for which the two com-

peting phenomena, erosion and deposition, balance each

other.

However, water inrush has some differences with piping

and sand production because both the fine and coarse

particles will be eroded. This leads to a higher concentra-

tion c of fluidized grains than piping and sand production.

Moreover, the fast fluid velocity will result in a much

higher rate of eroded particle mass, greater than the rate of

deposited mass for water inrush. Therefore, Eq. (6) will be

simplified as follows by ignoring the deposition

phenomena.

ou
ot

¼ kð1� uÞc qj j ð7Þ

From Eq. (7), the derivation of porosity is proportional

to the concentration c. If c is non-zero, the erosion process,

modeled by such a law, will run until all of the mass is

eroded away, namely the porosity u = 1. However, Hu

and Ma (2013) and Zhang et al. (2014b) conducted seep-

age–erosion experiments and showed that the collapse or

water inrush occurred before the porosity u = 1. A max-

imum stable porosity was observed in the erosion process,

where the seepage–erosion process became stable, mass

transfer did not occur and the porosity remained unchan-

ged. Thus, considering the maximum porosity, the porosity

evolution Eq. (7) needs to be further modified as follows:

ou
ot

¼ kðum � uÞc qj j; ð8Þ

where um is the maximum porosity of completely weath-

ered granite, which is related to the physical properties of

the medium, the particle size distribution and the stress

state. Through the study of seepage–erosion coupled

experiments and internal soil erosion (Bendahmane et al.

2008; Chang and Zhang 2011), the relationship between

maximum porosity and physical and mechanical properties

is concluded as follows:

1=ðum � u0Þ ¼ aþ b= ij j; ð9Þ

where u0 is the initial porosity, |i| is the module of the

hydraulic gradient i, and the parametersa and b can be

calculated experimentally, which reflects the influences of

the medium physical properties and stress state. The final

adoptive porosity evolution equation for water inrush can

be expressed as follows:

ou
ot

¼ k½ðu0 þ 1=ðaþ b= ij jÞÞ � u�c qj j ð10Þ

Water inrush mechanism and coupled seepage equations

Water inrush in completely weathered granite is a coupled

seepage–erosion process. The evolution process of water

inrush can be divided into three stages (Zhang et al.

2014b): (1) the initial linear flow stage at the beginning, in

which the fluid flow is very slow and the flow is a linear

laminar flow; (2) the rapid flow stage, in which the porosity

is obviously increased with the loss of particles, thus

leading to a rapid increase of flowing velocity; (3) the pipe

flow stage which occurs after the formation of the water

inrush channel, in which the flow transforms into pipe flow.

To depict the change in the flow pattern in the whole

time evolution process of water inrush, a coupled Darcy–

Brinkman/Navier–Stokes equation is introduced from the

literature (Hill and Carr 2010). The coupled equation for

porous media can be expressed as follows:

�q
u

qi � r
qi

u

� �
¼ r � ð�pIÞ

þ r 1

u
gkðrqi þ ðrqiÞTÞ �

2gk
3

ðrqiÞI
� �� �

� gk
k
qi þ F

rqi ¼ 0;

ð11Þ

where p is the pore pressure, gk is the kinematic viscosity

of the fluid, F is the body force term, I is the unit matrix, �q
is the partial density of fluid and fluidized grain mixture;

�q ¼ cqs
0
þ ð1� cÞqf

0
. k is the permeability of the porous

medium. In addition, the permeability can be expressed by

the porosity using the Kozeny–Carman formula:

k ¼ k0
u3

ð1� uÞ2
; ð12Þ

where k0 is the initial permeability of porous media.

The left term in Eq. (11) is the inertia term of the Navier–

Stokes equation. The second term on the right denotes the

viscous term of Brinkman’smodel (Brinkman 1949), and the

third term is the viscous term of Darcy’s law.

It can be observed from Eq. (11) that the equation can be

simplified to Darcy’s equation by neglecting the inertia term

and the viscous term of Brinkman’s equation when the flow

velocity is very small. As the evolution process enters into

the rapid flow stage, it has the advantage of approximating

brinkman’s equation which is more suitable for the fast-

moving fluid in high porositymedium.When the channel has

formed, the inertia term of Navier–Stokes will obviously

increase, and the equation can be approximate to Navier–

Stokes equation to describe the third stage.

The basic unknowns in the coupled seepage–erosion

water inrush Eqs. (3)–(5), (10)–(12) are only p, c, and u.
Combining the relative initial conditions and boundary
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conditions, these PDE equations can be solved numerically

by adopting the Galerkin finite method and implicit dif-

ference method to discretize space and time. Considering

the non-linearity of the equation system, the solution can

be obtained with the Newtown–Raphson iteration method.

With these methods, the ‘‘COMSOL Multiphysics system’’

was adopted to solve these PDE equations by secondary

development in this paper.

Numerical simulation of water inrush behavior
considering the effect of curtain grouting thickness

Brief introduction to the Cenxi highway tunnel

Cenxi highway tunnel, 4288 m in length, is located on the

highway from Cenxi city to Shuiwen city in Guangxi

Province, China. Because of complex geological condi-

tions and serious water inrush disasters, the tunnel was the

key engineering challenge of the highway.

Geological conditions

The tunnel is located in a valley with a V shape, and the

buried depth of the tunnel is approximately 96 m. The area

from CK7 ? 838.5 to CK7 ? 981.6 is the unexcavated

part at present. There is a large completely weathered

granite region with abundant water in the tunnel. The water

pressure is approximately 0.7–1 MPa, and the rock quality

designation (RQD) of the surrounding rock of the residual

tunnel was less than 5%. The geological prospecting was

assessed based on the vertical and horizontal borehole

information (see Fig. 1). A geological profile of the tunnel

is given in Fig. 2. It can be concluded from Figs. 1 and 2

that the lithology of the residual tunnel was mainly com-

pletely weathered granite.

Water inrush disasters

Because of these complex geological conditions, from

September 11, 2013 to October 23, 2015, four large-scale

water and mud inrush incidents occurred in Cenxi tunnel,

and the volume of gushing water and mud was greater than

250,000 m3 in total (Fig. 3). Great economic loss and

secondary disasters were caused by these geological

events, which seriously hindered the construction.

To overcome these difficult geological conditions, the

whole-section curtain grouting was adopted. Numerical

simulation and field tests were conducted to determine the

scheme of the curtain grouting. First, the new water inrush

model mentioned above was used to determine the curtain

grouting thickness by numerical simulation, and the final

decision was made based on field investigations of the

grouting effect.

Numerical model and boundary conditions

Based on the geological conditions of Cenxi tunnel, a

simplified circular tunnel has been built to study the curtain

grouting thickness, as illustrated in Fig. 4, in which the

tunnel radius ra is 7.5 m, the external radius of the rein-

forcement cycle is rb, and the curtain grouting thickness is

r. The exterior of the curtain grouting is assumed to be a

water-rich zone with water pressure pb, and the internal

pressure of the tunnel excavation contour line (free surface)

Fig. 1 Lithology of vertical and horizontal boreholes
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is assumed to be pa. The fluid flow is considered to be

radial (towards the excavation contour line).

The physical parameters of the numerical simulation are

shown in Table 1. The permeability value Ki after grouting

was tested under the condition of 80% grouting filling ratio

(GFR), which indicates the volume ratio of grouting

quantity and initial stratum porosity. The initial porosity ui

after grouting was decided by theoretical calculation by

means of completely filling the porosity with grouting,

namely, ui ¼ ð1� GFRÞ � u0.

The initial porosity and fluidized grain concentration in the

reinforcement cycle are ui and ci, respectively. The initial

pore pressure in thewhole regionwas obtained from the initial

steady seepage calculation. The outside boundary rb was set

for a water-rich zone with water pressure p rb; tð Þ ¼ 1 MPa,

porosity u rb; tð Þ ¼ ui ¼ 0:072, and fluidized grain concen-

tration c rb; tð Þ ¼ ci ¼ 0:01. The internal boundary ra was set

for a free surface on which particles can freely migrate with

water, and the water pressure p ra; tð Þ ¼ 0 MPa.

Fig. 2 Geological profile of unexcavated area

Fig. 3 Large-scale water and mud inrush

Fig. 4 Scheme of calculation model
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Numerical results and analysis

The seepage–erosion process is discussed, and the results

are presented in two sets of plots. The first set of Figs. 5, 6,

7 and 8 depicts the spatial profiles of the various properties

for different curtain grouting thicknesses at the given time

(t = 12 h).

Figure 5 is the porosity contours of various curtain

grouting thicknesses at t = 12 h. Figure 5a shows that the

porosity of whole region is high at 0.7 when the curtain

grouting thickness is only 2 m, which actually indicates

that collapse or water inrush has occurred. Even when the

curtain grouting thickness increases to 4 m, it is still at

great risk of a water inrush disaster because the porosity

has evidently increased, especially at a distance of 2 m

from the excavation contour line.

When the curtain grouting thickness increases to 6 m,

the increase in porosity and the affected area decrease

rapidly, and the maximum porosity is only 0.13. Further-

more, the porosity continues to decrease, but mainly

remains constant when the thickness exceeds 6 m as shown

in Fig. 5f, g. Combining Fig. 6, it can be observed that the

porosity increases significantly in the whole curtain area

when the curtain grouting thickness is less than 6 m, and

the seepage–erosion process is suppressed when the

thickness exceeds 6 m, which results in a very small

change in porosity in the reinforcement area.

For the lower curtain grouting thickness (less than 6 m),

this porosity distribution results in the permeability distri-

bution shown in Fig. 7 according to the Kozeny–Carman

Eq. (12), which reflects the significant permeability inho-

mogeneity evolution as a result of the seepage–erosion

process. This permeability inhomogeneity evolution leads

to a nonlinear pore pressure distribution with obviously

lower pressure gradients in the seepage–erosion region

(Fig. 8). With increasing curtain grouting thickness, the

permeability maintains a homogeneous distribution with

little change, and the pore pressure maintains an approxi-

mately linear distribution along the distance, which indi-

cates a weaker erosion effect.

In the second set of Figs. 9 and 10, the time evolution of

the various properties of different curtain grouting are

shown at the excavation contour line, which is of interest.

Figure 9 shows the effect of the curtain grouting thickness

on the particle mass transfer. As the thickness increases,

the erosion effect decreases and the lower particle mass is

lost, as is demonstrated in Fig. 9a. It is apparent that most

of the region has suffered significant mass transfer when

the thickness is less than 6 m. The slope of these curves is

the rate of particle loss mass (Fig. 9b), and showing that

the rate increases as time initially and gradually decreases

to a lower value for the lower thickness.

Figure 10a shows the regulation of transport concen-

tration c of fluidized grains versus time. The value of

concentration c consists of the convection and mass gen-

eration, and the increase in concentration with time indi-

cates that the erosion process remains more active than the

transport process until the point at which the convection

overtakes the mass generation. This indicates that the

erosion process has almost been completed, and the water

inrush channel has been formed when the transport con-

centration tends to decreasing, which is demonstrated in

Fig. 10a.

Mass transfer naturally leads to porosity evolution, as

shown in Fig. 10b. Figure 10b shows that the porosity

increases sub-linearly with time. Such a porosity evolution

law results in the same law of permeability according to

Eq. (12), as shown in Fig. 10c. A significant increase in

Table 1 Physical parameters of

the numerical simulation
Parameters Value

Partial density of fluid qf
0

1000 kg/m3

Partial density of grains qs
0

2650 kg/m3

Kinematic viscosity of the fluid gk 1 9 10-6 m2/s

Initial permeability of surrounding rock before grouting K0 4 9 10-12 m2

Initial permeability of surrounding rock after grouting Ki 1.2 9 10-14 m2

Initial porosity of surrounding rock before grouting u0 0.36

Initial porosity of surrounding rock after grouting ui 0.072

Frequency k 5 m-1

Parameter a 1.533

Parameter b 153.4

Initial concentration of fluidized grains ci 0.01

External pore pressure Pa 1 MPa

Internal pore pressure P0 0 MPa

Curtain grouting thickness r 2–8 m
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Fig. 5 Spatial contours of

porosity at various curtain

grouting thickness at t = 12 h
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porosity raises the permeability by a factor of more than

300 times when the thickness is lower than 6 m. However,

the increase in the other thickness is by a factor of no more

than ten times. In addition, the development of water

inflow will be accelerated with increasing permeability

according to the seepage equation as shown in Fig. 10d.

From Fig. 10d, it is obvious that the water inflow with

thickness greater than 6 m is much smaller than that with

thickness less than 6 m, and the water inflow diminished

rapidly with thickness increasing. The water inflow for the

thickness of 2–8 m are 96.8, 16.3, 4.2, 0.95, 0.56, 0.44,

0.38 m3/h. The values for the thickness of less than 6 m

greatly exceed the acceptable criterion 0.6 m3/h (10 L/min)

(Wang et al. 2011), which is the widely used to determine

the condition of tunnel excavation in engineering.

Based on the above analysis, it can be concluded that the

thickness of 6 m is the appropriate parameter of curtain

grouting in completely weathered granite.

Field investigation of hydraulic and mechanical
behavior of curtain grouting

To verify the effectiveness of the developed water inrush

model and the thickness of curtain grouting proposed

above, a field test of curtain grouting was carried out in

Cenxi tunnel. The hydraulic and mechanical behavior of

curtain grouting that reflected the grouting reinforcement

effect was examined by examination holes, P–Q–t curve,

geophysics prospecting, and excavation.

Fig. 6 Spatial profile of porosity at t = 12 h

Fig. 7 Spatial profile of permeability at t = 12 h

Fig. 8 Spatial profile of pore pressure at t = 12 h

Fig. 9 Time evolution of mass transfer characters at the excavation

contour line of the tunnel
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Brief introduction of the curtain grouting design

in Cenxi tunnel

The key parameters of curtain grouting were designed as

follows.

1. According to the results of the numerical simulation,

an effective curtain grouting thickness of 6 m was

adopted. The grouting reinforced length was 25 m, and

the terminal distance between the grouting holes and

the diffusion radium of the grouting was designed to be

2.8 and 2 m, respectively.

2. Ninety-five grouting holes including seven cycles from

outside to inside were designed in total, and the construc-

tion sequence of groutingwas carried out from the cycle A

holes to the cycle G holes (see Figs. 11, 12). The terminal

grouting pressure of the design was 4–6 MPa.

3. The composite grouting materials were adopted to treat

different hydraulic conditions including the cement

grout, cement-sodium silicate grout and cement-GT

grout, which had different advantages in terms of

strength, anti-wash, or gel time property (Li et al.

2016; Zhang et al. 2015).

Hydraulic behavior of examination holes

Seven examination holes were designed to evaluate the

grouting reinforcement effect, as shown in Fig. 13. The

detailed information, including lithology, hole-making rate

and water inflow exposed by examination holes, is shown

in Table 3.

Note that the lithology exposed by the examination

holes was mainly a mixed solidification body of slurry and

completely weathered granite for the first 20 m. The last

few meters (approximately 5 m) mainly comprised com-

pletely weathered granite with a small amount of slurry

particles and high sand content (see Table 2; Fig. 14), and

the rates of coring are high at 60%. This result indicated

that the unfavorable geology area was reinforced effec-

tively, especially for the first 20 m. In addition, all hole-

making rates exceeded 70%, which showed that there was

no obvious collapse in the examination holes and further

showed that the surrounding rock had good steadiness.

Furthermore, the water inflows, the most critical factor of

the grouting effect indicating the water plugging perfor-

mance for completely weathered granite, were 0.013,

0.019, 0.009, 0.006, 0.100, 0.145, 0.020 L/(min m) for J-1

Fig. 10 Time evolution of key parameters at the excavation contour line of the tunnel
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to J-7, which were all less than the standard for a single

hole per meter (0.2 L/(min m)) in similar engineering

(Wang et al. 2011), indicating that the surrounding rock

after grouting had good water plugging performance. In

other words, the thickness of the curtain grouting designed

by numerical simulation was suitable.

P–Q–t curve of examination holes

Injection pressure (P) and velocity (Q), which can reflect

the diffusion characteristics of the grout, the geosphere

integrity and compactness, were recorded during the

grouting of the examination holes. Because of the similar

results for the examination holes, only the P–Q–t curve of

hole J-1 was shown in Fig. 15.

For the whole process of grouting, completely weath-

ered granite was reinforced by the filling, permeating,

compaction, and splitting effects of the injected grout.

Initially, owing to the loose, high porosity, or even void

spaces of the geology, the injected pressure was relatively

low and the grout played a filling, permeating, and com-

paction role. At this stage, a large amount of grout was

needed to fill and reinforce the surrounding rock and nat-

urally the injection velocity was relatively high. However,

when the porosity or void space was completely filled, the

grout mainly played a compaction role, and the injected

pressure started to increase to overcome the initial mini-

mum principal stress of the medium (Zhang et al.

2014a, 2015). As the pressure increased to overcome the

initial stress, the medium was split by grout with the for-

mation of a large space. Thus, the injection pressure

decreased rapidly and the injection velocity increased

rapidly.

After the completion of curtain grouting, the compact-

ness and strength of the medium was expected to be greatly

improved. Furthermore, when carried out the test of P–Q–

t curve in the examination holes, the injection pressure was

expected to increase rapidly to exceed the designed ter-

minal pressure and the injection velocity was expected to

decrease rapidly (as in Fig. 15). Conversely, if the injection

pressure was still very low and the injection velocity was

very high for a long time, indicating that the medium still

has significant weak areas.

Fig. 11 Design of curtain

grouting

Fig. 12 Construction of curtain grouting

Fig. 13 Layout of opening and final holes for examination holes
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Figure 15 showed that the injection pressure rapidly

increased to 6.8 MPa, and the injection velocity sharply

decreased to 8 L/min in 6 min, which satisfied the design

qualification of injection pressure and velocity, indicating

that the unfavorable geology was reinforced by the

grouting.

Geophysical prospecting by the transient

electromagnetic method

Before tunnel excavation, it is critically important to

understand the geological conditions in front of the tunnel

face. In tunnel construction, geophysical prospecting is a

common and useful advanced forecast geology method.

The transient electromagnetic (TEM) method, is a geo-

physical prospecting methods in which electric and mag-

netic fields are induced by transient pulses of electric

current and the subsequent decay response measured. The

resistivity (or conductivity) distribution in the ground,

which is directly related to the geotechnical characteristic,

can be effectively measured by observing the currents

diffuse in the subsurface (McNeill 1994). TEM is the most

sensitive method to distinguish low resistivity geological

bodies such as water-bearing structure in high resistivity

surrounding rock. This is the reason why this method had

been developed rapidly in recent years and made great

progress at hydrogeophysic survey and groundwater

exploration fields (Danielsen et al. 2003; Christiansen et al.

2009). Therefore, this method was used to analyze the

grouting reinforcement effect in Cenxi tunnel by compar-

ison of pre- and post-grouting, as shown in Fig. 16. It can

be seen from the left of Fig. 16 that there is an obvious

low-resistivity region on the right side of the tunnel face

before grouting. Moreover, the distance between the low-

resistivity region and the tunnel face is approximately

10 m, especially behind the distance of 18 m, indicating

that there may be a water-rich body. This assumption was

confirmed by the subsequent exposure of water-rich geol-

ogy by drilled holes. After grouting, the resistivity from the

tunnel face to the forth distance of 30 m was significantly

improved, as shown on the right side of Fig. 16, which

shows that the water has been extruded to that distance.

Consequently, the region from 10–30 m has been replaced

by the grout, indicating that the thickness of curtain

grouting of 6 m can be adopted.

Mechanical behavior of curtain grouting

As shown in Fig. 17, the medium is tightly combined with

consolidation body of the grout. There are many grout

veins in the tunnel face with maximum length of 3.5 m and

width of 0.5 m. Some basic physical and mechanical

Table 2 Results of examination holes

Label Lithology Hole-making

rate (%)

Water inflow

(L/min m)

J-1 0–6 m: solidification body of slurry

7–18 m: mixed solidification body of slurry and completely weathered granite without water

19–26 m: completely weathered granite with a small amount of slurry particle and high sand content

93.8 0.013

J-2 0–6 m: solidification body of slurry

7–16 m: mixed solidification body of slurry, gravel and completely weathered granite without water

17–26 m: completely weathered granite with a small amount of slurry particle and high sand content

100.0 0.019

J-3 0–6 m: solidification body of slurry

7–18 m: mixed solidification body of slurry, gravel and completely weathered granite without water

19–25 m: completely weathered granite with a small amount of slurry particle and high sand content

100.0 0.009

J-4 0–6 m: solidification body of slurry

7–21 m: mixed solidification body of slurry, gravel and completely weathered granite without water

22–27 m: completely weathered granite with a small amount of slurry particle and high sand content

88.2 0.006

J-5 0–6 m: solidification body of slurry

7–21 m: mixed solidification body of slurry, gravel and completely weathered granite without water

22–28 m: completely weathered granite with a small amount of slurry particle and high sand content

75.4 0.100

J-6 0–6 m: solidification body of slurry

7–20 m: mixed solidification body of slurry, gravel and completely weathered granite without water

21–27 m: completely weathered granite with a small amount of slurry particle and high sand content

78.9 0.145

J-7 0–6 m: solidification body of slurry

7–16 m: mixed solidification body of slurry, gravel and completely weathered granite without water

17–26 m: completely weathered granite with a small amount of slurry particle and high sand content

93.8 0.020
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parameters of the medium are tested in the laboratory as

shown in Table 3. Table 3 shows that the water content

decreased from 22 to 8% after grouting, and the strength

obviously increased, indicating the reliability of grouting

thickness of 6 m.

Based on foregoing examinations of the grouting rein-

forcement effect, it can be concluded that the unfavorable

geology has been reinforced well by curtain grouting, and

the thickness of 6 m is suitable for the geological condi-

tions of this tunnel.

Discussion

In this paper, we have shown the seepage–erosion behavior

in the development of water inrush and their impact on

curtain grouting thickness for completely weathered gran-

ite. The numerical simulation and field tests indicate that

the proposed model and the recommended curtain grouting

Fig. 14 Lithology exposed by coring of examination holes
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Fig. 15 P–Q–t curve of J-1 hole

Fig. 16 Transient electromagnetic results pre- and post-grouting

Fig. 17 Grouting effect exposed by excavation
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thickness are reliable. It has been confirmed that the par-

ticle loss caused by seepage–erosion is a key factor of

water inrush in a completely weathered granite tunnel,

which should be considered in the design of curtain

grouting.

To illustrate the superiority of the method proposed in

this paper, the proposed method is compared with the

traditional analytical solution and numerical solution based

on fluid–structure interaction theory. The analytical solu-

tion for water inflow based on steady-state water inflow

into a circular tunnel is one of the most widely used method

for water inflow prediction and curtain grouting design

(Yang et al. 2016; Wu et al. 2015b; Xu et al. 2016). The

water inflow Q, depending on the parameters of sur-

rounding rock, lining, and grouting cycle, can be expressed

as (Yang et al. 2016):

Q ¼ 2pHkr
lnðr2=rgÞ þ kr=kg lnðrg=r1Þ þ kr=k1 lnðr1=roÞ

; ð13Þ

where Q represents the flow through the tunnel; ro, r1, rg
are the radius of tunnel, lining, and grouting circle,

respectively; r2 is the depth of the tunnel center from the

ground surface. H is the groundwater head above tunnel. kr,

kg, k1 are the permeability coefficient of surrounding rock,

grouting cycle, and lining, respectively.

Without considering the lining structure, Eq. (13) can be

simplified to:

Q ¼ 2pHkr
lnðr2=rgÞ þ kr=kg lnðrg=r0Þ

ð14Þ

Therefore, the tunnel water inflow considering the cur-

tain grouting thickness can be obtained from Eq. (14).

Another commonly used method is the numerical sim-

ulation based on fluid–structure interaction theory. Zhang

et al. (2015) has studied the effects of permeability varia-

tion coefficient N (kr/kg) and curtain grouting thickness on

water inflow by this method.

Now the analytical solution of Eq. (14), numerical

solution based on fluid–structure interaction theory (Zhang

et al. 2015) and the seepage–erosion method presented in

this paper are considered to be the ‘‘analytical solution’’,

the ‘‘numerical solution’’, and the ‘‘proposed method’’,

respectively. In order to evaluate the grouting effect, the

water inflow is adopted as the performance evaluation

index. The water inflow is thus calculated based on the

model parameters in this paper by using the above three

methods. Consequently, the calculated results are illus-

trated in the Fig. 18.

The comparison results indicate that the water inflows of

all selected study curtain grouting thicknesses obtained

from the proposed method are larger than the analytical

solution and the numerical solution. For example, the water

inflow obtained from the proposed method, the analytical

solution and the numerical solution is 4.19, 0.60, 0.34 m3/

h, respectively, when the thickness is equal to 4 m. This

indicates that the grouting effect evaluated by the previous

methods seems much better than the proposed method, and

the proposed method seems to decrease the level of

grouting effect and increase the risk of water inrush. It may

be helpful to understand the results when considering the

acceptance criteria of water inflow (\0.6 m3/h). All the

water inflows obtained from the proposed method have

exceeded the criteria until the thickness reaches 6 m.

However, as long as the thickness is smaller than 4 m, the

water inflow obtained from the analytical solution will be

greater than the criteria. In addition, it seems to be more

effective for the numerical solution because the water

inflows all satisfy the criteria unless the curtain grouting is

not carried out. This indicates that the design or con-

struction adopting the traditional method such as analytical

solution or numerical solution will be more effective than

the proposed method, which may be possible in some sit-

uations such as in the hard rock or slightly weathered rock.

Table 3 Physical and mechanical parameters of the reinforced body

Label Water content Point load strength Uniaxial compressive strength Tensile strength

Cement paste – 1.8 35.93 1.72

Chemical grout paste – 0.08 1.63 0.08

Solidification body of slurry and rock 8% 0.46 9.18 0.44

Original rock 22% Soft-plastic soil with very low strength
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Fig. 18 Comparison of water inflow results for the selected curtain

grouting thickness
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However, in other situations such as completely weathered

granite, the statement that the proposed method decreases

the level of grouting effect and increases the risk of water

inrush is no longer accurate. For example, the field tests of

previous projects such as Xiang’an subsea tunnel (Zhang,

et al. 2014a) and Cenxi highway tunnel (in this paper) have

demonstrated that the completely weathered granite or

strong weathered granite needs to be significantly

strengthened. It is necessary to enlarge curtain grouting

thickness to increase the level of grouting effect and

decrease the risk of water inrush. At last, both of the pro-

jects chose a thickness of 6 m. Therefore, this proposed

method did not decrease the grouting effect but did

increase the grouting effect, thus creating a more scientific

and rational curtain grouting design because the proposed

method has both considered the seepage and erosion

behaviors. However, the previous two methods only con-

sider the seepage behavior or seepage and mechanism

behavior, and ignore the vital erosion behavior, leading to

the limit of permeability development and water inflow

channels.

In addition, Fig. 18 shows that there is a wide gap of

water inflow among the three methods, and the gap has

widened with the increase of thickness. For example, the

water inflow obtained from the proposed method, analyti-

cal solution and numerical solution is 0.56, 0.44, and

0.28 m3/h, respectively, when the thickness is equal to 6 m.

The ratio of water inflow for the three methods is

2.0:1.6:1.0. However, the ratio for the three methods has

increased to 193.6:2.1:1.0 as the thickness decreases to

2 m. This is because the hydraulic gradient will be sig-

nificantly increased with the decrease of thickness, result-

ing in more serious erosion. Moreover, in contrast with the

Darcy flow applied in traditional methods, the proposed

method use the coupled Darcy–Brinkman/Navier–Stokes

equation to describe the fluid flow, which is more effective

and accurate to respect the dynamic evolution and seepage

mutation of nonlinear flow in the study of water inrush.

This indicates that there is a great risk of water inrush

without considering the erosion behavior when the thick-

ness is relative small. But when the thickness is large

enough, the gap among the three methods seems to be very

small so that the erosion behavior can be ignored. How-

ever, it is quite difficult to evaluate whether the erosion

behavior can be ignored. In other words, the thickness

obtained from traditional methods will not be appropriate

for completely weathered granite.

However, it should be noted that the mechanical

behavior is also an important factor for the water inrush in

completely weathered granite. The current study does not

adequately consider the mechanical coupling effect. For

example, the erosion and the particles loss will eventually

change the shear strength and stress status, and then induce

rock deformation or even collapse. It is hoped that a

modified seepage–erosion–stress coupling will be proposed

in the further studies.

Conclusions

1. Considering that particle loss is a key factor of water

inrush in a completely weathered granite tunnel, a new

seepage–erosion coupled water inrush model is pro-

posed based on theories of solute transport and fluid

dynamics in porous media. The new model reflects the

dynamics of particle loss, porosity, permeability, pore

pressure, and the water inflow induced by the mass

transfer of particles, which are factors directly related

to the development of water inrush.

2. Using the new water inrush model, the curtain grouting

thickness was studied numerically based on practical

engineering. The results showed that the seepage–

erosion process was aggravated as the thickness

increased. When the thickness was less than 6 m, the

porosity and permeability visibly changed, and thewater

inflow clearly exceeded the acceptable engineering

criterion. However, with a further increase in thickness,

the seepage–erosion process was suppressed and the

little changes of the relative parameters were showed.

3. According to the results of a numerical simulation, a

thickness of 6 m was selected as an optimal parameter

for curtain grouting. This value was shown to be

effective, reliable and appropriate after field tests in

Cenxi tunnel by means of examination holes, geo-

physical prospecting, P–Q–t curve, and excavation,

and, to a certain extent, can be used as a reference for

similar engineering problems.
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